T HE clinical picture of angina pectoris was amply described by Heberden in 1772.1 Although his basic observations have been extended, clinical concepts of this disease have not changed markedly. Moreover, there is a paucity of information on coronary hemodynamic and biochemical changes during the anginal state. This is due primarily to the ephemeral nature of angina pectoris and the seriousness of the underlying coronary artery disease. Previous studies from this laboratory2 reported a subnormal cardiac output and systolic ejection rate response in some patients with coronary artery disease during exercise stress. Only a few observations were made at the time of chest pain, however. The present study describes certain hemodynamic changes in left ventricular function and certain myocardial biochemical abnormalities in a group of patients with coronary artery disease during a stress-induced anginal episode. These responses are contrasted with those of a group with coronary artery disease but without angina pectoris, and a normal group, both undergoing stress similar to that of the anginal group.
Materials and Methods
During the past year, over 70 patients with suspected coronary artery disease or with valvular heart disease have been investigated in our laboratory. Selective coronary cineangiography by the Sones technic has been performed, and hemodynamic and biochemical data have been collected. During the course of catheterization 16 patients with coronary artery disease developed angina pectoris. Thirteen had coronary artery disease alone and three had coronary artery disease in association with mixed aortic valve disease. By means of selective coronary cinearteriography, it From the Medical Clinics, Peter Bent Brigham Hospital, and Harvard Medical School, Boston, Massachusetts.
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Circulation, Volume XXXI, March 1965 was determined that four had lesions involving the left anterior descending artery alone; one had a lesion of the left circumflex alone; one had a lesion of the right coronary alone; four had lesions involving both left coronary arteries; five had lesions involving the right and left coronary arteries; and one had no evident, discrete major vessel occlusive disease, but all branches of the left coronary artery appeared diffusely narrow throughout their length and were inflexible with cardiac motion. Angina occurred either at rest, under the stress of supine leg exercise of 5 to 12 minutes' duration on a bicycle ergometer or with isoproterenol infusion, intravenously at rates of I to 4 pg/min. Patients were studied in the fasting state. Premedication consisted of 100 mg. of pentobarbital sodium (Nembutal) and 50 mg. of meperidine (Demerol). A no.-7 Goodale-Lubin catheter was placed in the coronary sinus to sample coronary venous blood. A no.-7 Sones catheter was introduced through a right brachial arteriotomy, both for coronary arteriography and for recording hemodynamic events within the left ventricle. In two cases of severe aortic stenosis, the left ventricle was approached by the transseptal technic. Pressures were measured with Statham P-23D strain-gage manometers and recorded on a Sanborn-150 direct writer. Cardiac output was measured in duplicate by the indicator-dilution method with indocyanine green, with injection into the left ventricle and sampling at the brachial artery. Systolic ejection period was measured from phasic brachial artery pressure pulses. Mean systolic ejection rate was derived by dividing stroke volume index by systolic ejection period. Differences in response of each hemodynamic variable among the anginal, nonanginal, and normal subject groups were analyzed statistically by comparing the absolute average change over the control value in any hemodynamic variable, induced by either exercise or isoproterenol infusion (tables 1B and 2B). Lactate and pyruvate determinations were performed on arterial and coronary venous blood samples.3 The data were analyzed by the excess lactate method of Huckabee4 and by reversal of lactate arterial-venous differences.5
Results
Left Ventricular End-Diastolic Pressure Angina occurred at rest in three observations ( fig. 1 ). Left ventricular end-diastolic tolic ejection rate during exercise in this laboratory is 30 per cent,6 patients with coronary artery disease, but with no angina at the time of study, raised systolic ejection rate by an average of only 19 per cent. If angina occurred with exercise, however, systolic ejection rate not only failed to rise normally, but actually decreased 4 per cent below the resting level. The response of ejection rate to exercise in the anginal group was significantly different from that in subjects without angina (p = < 0.01) and normal subjects (p = < 0.001). The average cardiac output in the total coronary artery disease group was lower at rest than in the normal group. In the normal group and in the group with coronary artery disease but without angina, however, cardiac outputs rose during exercise by 61 and 53 per cent, respectively. In the patients with coronary artery disease who developed angina during exercise, cardiac output rose by only 26 per cent. The response of cardiac output to exercise in the anginal group was different from that in nonanginal (p = < 0.06) and normal subjects (p = < 0.001 +52 exercise was different in the anginal group as compared with the nonanginal (p = < 0.06) and normal (p= <0.005) subjects. Changes in heart rate and systolic ejection period were similar in the three groups.
In this laboratory, the normal rise in systolic ejection rate during isoproterenol infusion at rates of 1 to 4 ug./min. is 44 per cent.7 Patients with coronary artery disease, but with no angina at the time of study, raised systolic ejection rate by 41 per cent. If angina supervened during isoproterenol infusion, however, systolic ejection rate increased by only 14 per cent. The response of the anginal group to isoproterenol infusion was significantly different from the nonanginal (p = < 0.025) and normal subjects (p = < 0.001). In the normal group and in the coronary artery disease group without angina, cardiac output rose 57 and 55 per cent, respectively. In the patients with coronary artery disease who developed angina during isoproterenol infusion, cardiac output rose by only 33 per cent. The response of cardiac output to isoprotereno] infusion in the anginal group was different from the nonanginal (p = < 0.06) and normal subjects (p = < 0.05). During isoproterenol administration, stroke volume rose by 10 per cardium is believed to precede the onset of angina pectoris, myocardial lactate and pyruvate studies were performed in the nonanginal and anginal patients. A group of patients with no cardiac or systemic disease is included for comparison ( fig. 4 ). In only two of 19 observations in the normal group was excess lactate found. In the coronary artery disease group, 75 of 119 observations (63 per cent) were positive for excess lactate. If lactatepyruvate measurements were made at the time of angina pectoris, however, 23 of 26 (88 per cent) observations revealed excess lactate production. Of the 16 patients who developed angina pectoris, eight produced lactate at the time of angina, i.e., their coronary venous blood had a higher level of lactate than did their coronary arterial blood. Five of the remaining eight patients extracted less than 10 per cent of the lactate in the coronary arterial blood. A control group under similar stress extracted 28 per cent of arterial lactate. An example of excess lactate and lactate production is shown in figure 5 . During angina at rest excess lactate was present and coronary venous blood had higher lactate levels than coronary arterial blood. At rest, but without angina, excess lactate was not present and coronary venous lactate was lower than coronary arterial lactate. During isoproterenol infusion, excess lactate appeared and coronary venous blood had a higher level of lactate than coronary arterial blood.
Discussion
Several years ago Muller and R0rvik8 demonstrated a rise in pulmonary capillary pressure during angina. More recently Benchimol and Dimond9 have described elevations in the "a" wave of the apex cardiogram in patients with angina. Ross10 has also noted a rise in left ventricular end-diastolic pressure during angina. In contrast to these studies, left ventricular end-diastolic pressure did not uniformly rise during an anginal episode in this group of patients. If left ventricular enddiastolic pressure did rise during angina, it seemed to be more closely related to acute hypertension of the left ventricle. The rise of left ventricular end-diastolic pressure in patient L.N. during angina, when he was hypertensive, and its fall during another anginal Figure 5 Lactate production by the myocardium during angina. During angina at rest, venous lactate is higher than arterial lactate. Later in a resting nonanginal state, venous lactate is lower than arterial lactate, denoting lactate extraction. With isoproterenol, the venous lactate again rises to levels above arterial levels. attack, when he was normotensive, suggest that hypertension and increased resistance to left ventricular emptying (afterload) may be more important in the genesis of elevated left ventricular end-diastolic pressure than angina alone. In Muller and Rorvik's original description of rise in pulmonary capillary pressure during angina, elevation of the systemic blood pressure was not infrequent. The discrepancies between our data and previous studies are difficult to reconcile. Our group of patients, however, was generally a young group (fourth to sixth decade) and may have differed in the stage of their illness from other anginal patients previously described. Elevation of left ventricular end-diastolic pressure at rest with further increase on exercise has been observed in patients with ventricular aneurysm or cardiomegaly. None of the present group had recognizable aneurysms. In addition, we have frequently seen a rise in left ventricular end-diastolic pressure shortly after administration of contrast medium either into the coronary arteries or into the left ventricle. Such a rise in left ventricular end-diastolic pressure, if coincident with an anginal Circulation, Volume XXXI, March 1965 attack, might fallaciously be ascribed to angina rather than to the effects of contrast medium upon left ventricular hemodynamics.
During an anginal attack, the heart did exhibit certain other abnormalities in performance. The rise in ejection rate induced by exercise or isoproterenol infusion was significantly reduced when compared with the response of the normal group or with the group with coronary artery disease without angina when subjected to the same stress. The abnormality in systolic ejection rate was associated with a deficiency in raising cardiac output and stroke volume during angina. Heart rate and systolic ejection period responses were normal. Since paradoxical splitting of the second heart sound has been reported in patients with angina pectoris," it was expected that the anginal patients would have an abnormal response in their systolic ejection period. If the paradoxical split were due to an extended left ventricular ejection period with the aortic second sound (A-2) following the pulmonary sound (P-2), it might be expected that the left ventricular ejection period during angina would be prolonged. The mean systolic ejection period for the anginal group, however, did not differ significantly at rest or during induced angina either from the nonangina group with coronary artery disease or from the normal group. It is possible that in the patients studied, right ventricular ejection period shortened even more than left ventricular ejection period, thereby allowing A-2 to follow P-2. As no measurement of right ventricular ejection period was made in this study, no definitive statement can be made concerning this possibility. Alternatively, prolongation of left ventricular ejection period may be a late event in angina pectoris, and may have occurred after our measurements were taken. In this study angina pectoris was treated quickly as soon as required measurements were taken. The failure to raise cardiac output and stroke volume in anginal patients may be related to the biochemical defects seen in these patients. Since myocardial excess lactate was almost invariably present when angina oc-a T-n~~~~~~~~~~~~~~Ĩ curred, it is reasonable to speculate that the failure of the heart to contract efficiently may be due to its inadequate oxygen supply during angina. The fact that fully one half of patients actually produced myocardial lactate while extracting pyruvate during an anginal attack, lends further support to the concept of glycolysis proceeding in excess of oxidation. The occurrence of chest pain and impaired left ventricular performance together, does not necessarily imply a causal relationship between the two. Rather, the simultaneous association is probably an expression of the severity of the underlying disease process. It is likely that ischemia is the common denominator leading to both pain and impaired performance during a stressful state. We assume, but do not know, that had stress been continued to the point of angina pectoris in all patients, their performance likewise would have been compromised. Certainly as previously reported,2 some anginal subjects not in overt failure show impaired hemodynamics during exercise even if angina pectoris does not occur. The early occurrence of angina pectoris in our group may have been a measure of the degree of abnormality underlying the disease process.
Summary
Sixteen patients developed angina pectoris during cardiac catheterization.
During an anginal attack, left ventricular end-diastolic pressure did not uniformly rise. When it did occur, it seemed to be more closely related to acute left ventricular hypertension.
During a stress-induced anginal attack, the rise, if any, in systolic ejection rate of the left ventricle, was markedly decreased below that achieved in normal subjects or in subjects with coronary artery disease without angina. The impaired augmentation in systolic ejection rate was associated with subnormal increases in cardiac output as well as in stroke volume during the anginal state. Average heart rate and systolic ejection period were no different from the nonanginal patients.
Myocardial excess lactate was found in the vast majority of cases during an anginal episode, and actual myocardial lactate production was seen in one half of the patients during angina.
The abnormalities in left ventricular function may be related to abnormalities in oxygen supply to the myocardium.
